Anaryl-/?-cellobioside-hydrolyzing enzyme was obtained from Escherichia coli WL66infected with a recombinant phage, /CG23, harboring a 7.2-Kbp DNAfragment from Cellvibrio gilvus. It was purified by hydrophobic, ion exchange and gel filtration chromatographies to an electrophoretically homogeneous state. The purified enzyme has a molecular weight of 82,000 and a p/ of 6.0, and its amino terminal amino acid sequence was identified. It produced glucose from a series of cellooligosaccharides and aryl-jS-glucosides such as 4-methylumbelliferyl-/J-glucoside and pnitrophenyl-/J-glucoside.
Cellulase
has a critical role in converting biomass into foodstuffs such as glucose. Increasing 'numbers of cellulose-degrading enzymes have been found and studied from a wide spectrum of microorganisms.1>2) Microorganisms such as Trichoderma reesei, Aspergillus niger, and Clostridium thermocellum are well-known and their cellulase systems have been studied extensively. Cellvibrio gilvus was found in the late 1950' s as a cellulosemetabolizing microorganism.3) Although its cellulase production is not very high and the cellulase system is not very powerful, it has a unique property of producing cellobiose in very high yield from acid-swollen cellulose.4) This contrasts sharply with the cellulase systems of other microorganisms, which accumulate glucose as a main hydrolysis product.5) Therefore, C. gilvus is expected to produce an enzyme that cleaves out cellobiose from cellulose quite strictly. Wehave been systematically examining the cellulase system of this bacterium. Its cellulase system was found to consist of more To whomcorrespondence should be addressed. >553 than ten components that were separable on polyacrylamide gel electrophoresis. Among these, one component showing the strongest hydrolyzing activity toward 4-methylumbeUiferyl-j8-cellobioside (4MUC) was purified to homogeneity and turned out to be.a xylanase with unusual substrate specificity.6) A second component showing strong activity toward CMC (carboxymethylcellulose) was also purified to homogeneity and it was found to be a new cellulase producing oligosaccharides with the alpha configuration (manuscript in preparation).
At present, however, no cellobioseforming enzyme has been isolated from the culture filtrate of this bacterium.
As another approach to the cellobioseforming enzymeof this bacterium we have been engaged in cloning of a gene directing this enzyme from the genomic library of C. gilvus.
Cloning of the cellobiose-forming enzyme makesit possible to understand the structure- Assay ofenzymatic activity. In the standard assay, 50/A of suitably diluted enzyme solution was incubated with 500jul of 2 mM4-methylumbelliferyl-^-glucoside (4MUG) and 500{A of 0.1 m sodium phosphate buffer (pH 6.6) for lOmin at 37°C. The reaction was stopped by addition of 2.5ml of 0.2m glycine-NaOH buffer (pH 10.3) and the amount of4MUreleased was measured by the absorbance at 357 nm. When /?-nitrophenyl-/?-glucoside (PNPG) was used as the substrate, the same reaction conditions were used except for substrate and the amount of/7-nitrophenol released was measured by the absorbance at 400nm. Enzymaticaction on cellooligosaccharides was measured in a reaction mixture (500fA) containing 1mM oligosaccharides, 50 mMphosphate buffer, and suitably diluted enzyme solution. The reaction mixture was incubated at 37°C for lOmin and then boiled for 5min to stop the reaction. Released glucose was measured by a glucose oxidase-peroxidase kit, Glucose C Test Wakoof Wako Pure Chemical Industries Co., Ltd.
Measurementof protein. Protein in samples was measured by the method ofBradford8) using the Coomassie Protein Assay Reagent of Pierce (Rock ford, II., U.S.A.).
Thin layer chromatography (TLC). TLC of the reaction products was done using a silica gel plate 60F254 (Merck). The plate was developed with a solvent system of 80% acetonitrile in water at room temperature for 30min. Sugars on the plate were detected with the sulfuric acid-baking method.9)
Polyaerydamide gel electrophoresis (PAGE). For
PAGEin the presence of sodium dodecyl sulfate (SDS), precasted slab gels from Daiichi Chemical Inc., were used.
Enzyme protein was boiled in 1% SDS and 0.025% 2-mercaptoethanol at 100°C for 2 min. Electrophoresis was done by the method of Laemmli.10) Isoelectric focusing (IEF) PAGEwas done on the Phast System ofPharmacia LKBusing a precast gel, PhastGel IEF 3-9. Protein on the gels was stained using a PhastGel Silver Kit of Pharmacia LKB.
Results
Purification of the recombinant enzyme The lysates of E. coli WL66 infected with /ICG23 were used as an enzyme source. Five ml of overnight culture was inoculated into a medium (100ml) containing 0.1% Trypton, 0.025% NaCl, and 10mM MgCl2 in a 500-ml Erlenmyer flask and cultivation was done at 37°C on a rotary shaker. After 2 or 3hr, when the turbidity (A660) of the culture medium reached 0.7-0.8, 0.01 ml of iCG23 solution (5 x 109pfu) was added to the culture and the cultivation was done 12-14hr more to get a lysate.
The obtained lysate (3300ml) was centrifuged for 15min at 10,000xg, and 2% Protein content in the eluate was followed by measuring absorbance at 280nm. Enzymatic activity in the eluate was measured under the standard assay conditions. were obtained, a single sharp activity peak corresponding to the second protein peak was obtained as shown in Fig. 2 . Peak fractions were pooled and used as purified enzyme in the following experiments.
The results of purification are summarized in Table I . The enzyme was purified more than 900-fold over the crude extracts with about 10% yield. The specific activity of the final preparation was 74 U/mg protein.
Homogeneity andphysicochemical properties of the purified enzyme The purified enzyme showed a single protein band on SDS-PAGEas shown in Fig. 3A . Its molecular weight was estimated to be 82,000 from comparison of its mobility to those of standard proteins. The enzyme was eluted after the Vo from Sephacryl S-100 column (exclusion limit, 100,000) as shown in Fig. 2 , indicating that its native molecular weight is less than 100,000. From these results the enzyme is considered to consist of a single peptide of 82,000 Da. As shown in Fig. 3B , the purified enzyme movedagain as a single protein band on IEF PAGE. The p/ of the purified enzyme was 6.0 from comparison of its mobility to those of standard proteins.
The ammoterminal amino acid sequence of about 10fig of the purified enzyme was analyzed with an automated protein sequencer and PTH analyzer system (Model PSQ-1/PTH-I system, Shimadzu, Japan). The sequence of
I1 amino acids was
Ala-Pro-Glu-Pro-Ala-Glu-Pro-Ala-Gln-Lys-Pro-All the above results support the conclusion that the enzyme obtained above is homogeneous.
Behavior of the purified enzyme towardpH and temperature Figure 4A shows pH-activity and -stability profiles of the purified enzyme. It had maximum activity at pH 6.0 and only 20% and 40%of the maximumactivity at pH 5.2 and 7.2, respectively. In the stability experiment, the enzymewas incubated in various pH at 25°C for 60min. It was stable between pH 4 and9. was assayed under the standard assay conditions. B: Effects of temperature. Standard assay conditions were used except for temperature, which was shown in the figure. For the stability experiment, the residual activity was assayed under the standard assay conditions. Figure 4B shows temperature-activity and -stability profiles of the purified enzyme. It had maximumactivity at 40°C but little activity at 60°C. The enzyme was completely inactivated during incubation at 50°C for 60min. It is a rather unstable enzyme.
Efects of metal ions and other chemical reagents Effects of metal ions and some inhibitors were studied by incubating the enzyme with 1 mMof these compoundsfor 30min at room temperature. As shown in Table II The enzyme was incubated with each reagent and the remaining activity was assayed under the standard assay conditions. For other details, see the text. tic acid (IAA) had little inhibitory effect, suggesting that no cystein residue is involved in the expression of catalytic activity. The enzyme was slightly inhibited by glucono-(5lactone under these conditions. Substrate specificity of the purified enzyme The purified enzyme was incubated with a series ofcellooligosaccharides and the products formed were examined by thin layer chromatography. As shown in Fig. 5 , each oligosaccharide was hydrolyzed into glucose and the oligosaccharides smaller than the original ones by one glucose unit. Cellobiose, however, was hardly hydrolyzed under these conditions. In the next experiments, the action of the purified enzyme on 4MUG and 4MUC was studied. The reaction was followed by measuring the amounts of both glucose and 4MUreleased. As shown in Fig. 6A , glucose and 4MUwere released in parallel from 4MUG. On the contrary, 4MUappeared muchlater and at a muchslower rate than glucose from 4MUC as shown in Fig. 6B . This indicates that the enzyme releases glucose from nonreducing ends of substrate molecules. From these results, we concluded that the purified enzyme is a /?-glucosidase. Initial hydrolysis rates of several substrates are compared in Table III . 4MUGwas found to be the best substrate, followed by PNPG.
Cellobiose was hydrolyzed only 8.6% as fast as 4MUGwhile other cellooligosaccharides tested were hydrolyzed approximately 30%as fast as 4MUG.
Finally the action of the purified enzyme toward various PNP-glycosides was examined, as shown in Table IV . The enzyme was highly specific to nitrophenyl-jS-glucosides, PNPG The rate for 4MUG was taken as 100. being much better substrate than 6>-nitrophenyl-/?-glucoside.
Among other compounds tested, only PNP-/?-xyloside (PNPX) could serve as a substrate although at a very slow rate.
Discussion
At first, we expected that the clone obtained produced cellobiohydrolase as it was obtained as a 4MUC-positive clone. The enzyme produced, however, turned out not to be a cellobiohydrolase but a /?-glucosidase as it released glucose from arylglycosides and cellooligosaccharides.
Cloning of /?-glucosidase has been reported from Agrobacterium sp. ATCC21400,11} Butyrivibrio fibrisolvens,l2) Caldocellum saccha-rolyticum,1 3) Candida pelliculosa, 1Ar) Clostridium thermocellum,15'16) and Ruminococcus albus}1] However, in most cases catalytic properties of the cloned enzymeswere not studied. Molecularweight and substrate specificities of the cloned enzyme from B. fibrisolvensl2) and R. albus17) were studied using crude extracts ofrecombinant E. coli cells. To our knowledge, this is the first case that a cloned jS-glucosidase was purified to an electrophoretically pure state and that its properties were clarified. As shown in Table III at significant rates. The enzyme from Hanseniaspora vineae26) was reported to hydrolyze not only PNPG, pNPGal, PNPF, and PNPX but also PNP-a-G. The enzyme from C gilvus did not hydrolyze these arylglycosides except for PNPX, which was hydrolyzed quite slowly (Table IV) .
The amino terminal amino acid of the purified enzyme was not methionine, but alanine. This might suggest that posttranslational modification had occurred as in the case of /?-glucosidase cloned from Caldocellum saccharolyticum. 21)
We have been studying the cellulosedegrading system of C. gilvus and have purified one endocellulase and one xylanase6) having PNP-/?-cellobioside hydrolyzing activity. Isolation and characterization of a /?-glucosidase corresponding to the one described here, from C. gilvus, is in progress.
